We examined the atomic concentrations and the weight densities of SiC surfaces irradiated with remote nitrogen plasmas. The unique approach of this work is that we compared the SiC surface irradiated with atomic nitrogen with that irradiated with a mixture of atomic nitrogen and molecular nitrogen in the 
Introduction
Various technologies for energy saving are of great importance to solve environmental problems and to realize a sustainable society. The development of power transistors, which are used as switching devices in electric power systems, is a key issue. [1] [2] [3] Silicon carbide (SiC)
is the material that will be used in irradiated with in the next-generation power devices because of its high insulation voltage and robustness against high temperature. [4] [5] [6] In addition, a metal-oxide-semiconductor field-effect transistor (MOSFET) based on SiC has the advantages of low on-resistance and high switching speed. [7] [8] [9] However, the on-resistance of SiCbased MOSFET under development is much higher than the theoretical expectation, which results in a large voltage drop, significant heat generation, and a low efficiency of electronic power systems.
The high on-resistance of SiC-based MOSFET is caused by the low channel mobility in the channel region under the gate insulation film. [10] [11] [12] The small channel mobility is considered to be due to defects around the interface between the channel region and the gate insulation film. Therefore, a method is required to passivate the surface of SiC before depositing * E-mail: shima@athena.qe.eng.hokudai.ac.jp the gate insulation film. 13) A solution to this issue, which has been proposed on the basis of a first-principle calculation, 14) is the nitriding of the SiC surface. Although thermal nitriding using NO, N 2 O, and NH 3 has been carried out to date, the performance of the passivation is insufficient. 15) Another method for the nitriding of the SiC surface is irradiation with a nitrogen plasma.
Nitrogen-containing plasmas are widely used in surface nitriding of various materials such as metals, 16, 17) insulators, and semiconductors. 18, 19) However, the surface nitriding using nitrogen-containing plasmas has a problem in that there is a lack of understanding of the effective reactive species. Nitrogen plasmas have three types of reactive species: atomic nitrogen (N), molecular nitrogen at the metastable
, and ionized molecular nitrogen (N + 2 ). 20) In a previous work, we compared the efficiencies of the three reactive species used for the nitriding of silicon surface. 21) As a result, we have shown that N 2 (A 3 Σ + u ) and N + 2 have higher efficiencies than N. In this work, we examined the nitriding characteristics of the SiC surface using a remote nitrogen plasma source. We chose the remote plasma source since we expected damage of formation on the SiC surface after irradiation with ionic species.
22) The unique approach of this work is that we compared the SiC surface irradiated with N with that irradiated with a mixture of N and N 2 (A 3 Σ + u ). The fluxes of N and N 2 (A 3 Σ + u ) were measured by vacuum ultraviolet absorption spectroscopy (VUVAS) [23] [24] [25] and cavity ringdown absorption spectroscopy (CRDS), [25] [26] [27] respectively. We examined the nitrogen concentration and the weight density of SiC surfaces irradiated with the remote nitrogen plasmas.
Experimental procedure
The remote plasma source used in this experiment is schematically shown in Fig. 1 . The main chamber was made of stainless steel and had a diameter of 30 cm and a height of 13 cm. A slender quartz tube with a diameter of 8 mm was attached to the top of the vacuum chamber.
The chamber was evacuated using a turbo molecular pump below 1×10 −7 Torr before feeding nitrogen gas. Pure nitrogen gas was fed from the top of the quartz tube at a flow rate of 288 ccm, and the nitrogen pressure in the chamber was adjusted to 0.5 Torr by reducing the pumping speed using a gate valve. A microwave resonator was attached from outside of the quartz tube. The resonator was connected to a microwave power supply at 2.45 GHz via a coaxial cable, a waveguide convertor, a rectangular waveguide, a three-stab tuner, a power monitor, and an isolator. The microwave power was 100 W. A nitrogen plasma was thus produced in a limited region around the microwave resonator by surface-wave (surfertron) discharge. The microwave resonator was movable in the axial direction of the quartz tube, so that the distance between the active discharge plasma and the SiC sample was changed between 7 and 12 cm.
A load lock chamber was attached to the side of the main chamber. A 4H-SiC sample with a size of 14 × 14 mm 2 was installed in the load lock chamber and was transferred to a manipulator in the main chamber. The sample was pretreated with 5% hydrogen fluoride solution for 10 min. The manipulator was used for adjusting the position of the sample with respect to the quartz tube. The temperature of the sample was not controlled.
We investigated the nitriding characteristics of the carbon-side surface (C-face) of 4H-SiC in this experiment, since it is reported that MOSFETs constructed on the C-face have a higher channel mobility than those constructed on the Si-face. 28, 29) The sample irradiated with the remote nitrogen plasma was transferred back to the load lock chamber and was exposed to the atmosphere. The atomic composition on the sample surface was analyzed by X-ray photoelectron spectroscopy (XPS) and high-resolution Rutherford back scattering (HRRBS). The weight density of the sample surface was analyzed by X-ray reflectometry (XRR).
The N atom density in the gas phase was measured by VUVAS, and we adopted CRDS for measuring N 2 (A 3 Σ + u ) density. Since the details of the two diagnostics were shown previously, 30) we describe them briefly here. In the N density measurement by VUVAS, the spatial afterglow of the remote nitrogen plasma was placed between an electron cyclotron resonance nitrogen plasma (the light source) and a VUV monochromator. Two MgF 2 windows were used for separating the remote nitrogen plasma, light source plasma, and VUV monochromator. The intensity of a line emission at 120.0 nm (the 4 S o − 4 P transition) yielded from the light source plasma was determined using a secondary-electron multiplier tube via the VUV monochromator. N density was deduced from the absorption of the line emission. In the measurement of N 2 (A 3 Σ + u ) density by CRDS, the spatial afterglow of the remote nitrogen plasma was sandwiched by two concave mirrors with high reflectivities, which from an optical cavity. We injected a cw diode laser beam into the cavity via an acousto-optic modulator (AOM), and determined the intensity of the laser beam transmitted through the cavity.
The laser wavelength was tuned at approximately 771.100 nm, which corresponded to the was evaluated from the Doppler broadening of the absorption line. the distance between the sample and the microwave resonator was 7 cm. and 4(b), and the measurement step was 2 mm. The higher nitrogen concentration was observed in the entire region of the sample surface when the distance between the sample and the microwave resonator was 7 cm. In addition, it is noted from Fig. 4 (a) that the distribution of the nitrogen concentration was sharper when the distance between the sample and the microwave resonator was 7 cm. The nitrogen concentration on the sample prepared at a distance of 12 cm from the microwave resonator was lower and had a broader distribution as shown in Fig. 4(b) .
Results

Fluxes of N and
Analyses of SiC surface
We extended the irradiation duration for 3 min and examined the nitrogen concentration at the center of C-face 4H-SiC. The nitrogen concentration on the sample prepared at a distance of 7 cm from the microwave resonator was 6.9 ± 0.6%, whereas the sample prepared at a distance of 12 cm had a nitrogen concentration of 2.4 ± 0.1%. Compared with the nitrogen concentrations shown in Fig. 3 , which were obtained after the irradiation for 1 miniute, the nitrogen concentration is saturated against the dose. In addition, it is noted from Fig. 6(a) that the SiC surface irradiated at a distance of 7 cm had a deeper nitride layer. The channeling coefficients in the nitride layers were 100%, indicating that the crystalline structure of SiC was broken completely in the nitride layer. Another point shown in Fig. 6 is the lower concentrations of Si and C on the nitride surface. The concentration of C was especially low, and the top surface of the sample was changed into SiO 2 by the irradiation of the remote nitrogen plasma. The impurity oxygen was considered to be mixed into the sample when it was exposed to the atomosphere. 3 .
In addition, it should be emphasized here that the weight density at the top surface of SiC prepared at a distance of 7 cm was higher than that prepared at a distance of 12 cm.
Discussion
As shown in Fig. 2 , the dependence of the flux on the distance between the microwave resonator and the sample position was significantly different in N and N 2 (A 3 Σ + u ). This difference is due to the difference in the kinetics and the surface loss probabilities of these reactive species. As shown in a previous paper, atomic nitrogen has a small surface loss probability on material surfaces. 32) In addition, the interaction between atomic nitrogen and the surface of the quartz tube is moderated by the laminar gas flow under the present experimental condition. Because of the small surface loss probability and the laminar gas flow, the lifetime of Figure 7 shows the radial distribution of the optical emission intensity at the second positive system of molecular nitrogen, which was observed below the exit of the quartz tube when removing the sample. The optical emission intensity was obtained by integrating the band spectrum of the second positive system along the wavelength. The radial distribution was obtained by applying the Abel inversion to the lineintegrated optical emission intensities. As shown in Fig. 7 , the optical emission intensity of the second positive system showed a peaky distribution. The optical emission of the second positive system in the spatial afterglow is due to the production of N 2 (C 3 Π u ) via
), since the electron density and electron temperature in the sample region were 7.7 × 10 8 cm −3 and 0.4 eV, respectively. The electron density and electron temperature were measured using a Langmuir double probe. When Table I . Figure 6 shows the removal of carbon (and silicon) from the top surface of SiC by the irradiation of the remote nitrogen plasma. The possible volatile molecules are HCN and C 2 N 2 .
On the other hand, the weight densities shown in Table I indicate that the removal is less significant when the distance between the sample and the microwave resonator is 7 cm, even though the nitriding is more efficient. This suggests the possibility of a low-damage nitriding process using N 2 (A 3 Σ + u ).
Conclusions
In this work, we compared carbon-side surfaces of SiC irradiated with atomic nitrogen and the mixture of atomic nitrogen and molecular nitrogen at the metastable A 19/??
